The vase life of cut flowers and foliage is often shortened by vascular occlusions that constrict vase solution supply. Reductions in stem conductivity are typically caused by blockage of cut stem ends and xylem conduits by microbes, physiological plugging, and disruption of water columns in xylem vessels by cavitation and air emboli. Cut flower and foliage longevity can be greatly affected by the chemical composition of the vase solution. Provision of biocides prolongs the vase life of numerous species. A broad range of biocides has been suggested to prevent the proliferation of microorganisms in vase solutions; however, their assumed antimicrobial action may be confounded by their other physicochemical effects. In this context, the response of cut stems to biocides may also vary according to the cut flower or foliage type, the specific microorganisms involved, and other vase solution ingredients. This paper explores the efficacy and multifunctional roles of vase solution biocidal agents used in industry and by researchers for cut flowers and foliage.
Introduction
The term "biocide" apparently came into popular usage about 40 years ago; however, "the term has neither universal acceptance, nor is there complete agreement on its meaning" (Rossmoore, 1995) . A given definition for a biocide is "a substance that kills all living organisms (commonly used with reference to microorganisms), pathogenic or non-pathogenic" (Block, 1991b) . In the context of handling cut stems of ornamental plant species in preservative (Joyce, 1998) , pulsing (Joyce, 1993) and vase solutions (Knee, 2000) , biocides are considered important to achieve the full postharvest longevity inherent in cut flowers and foliage (Van Doorn, 1997) ; that is, provision of antimicrobial biocides in vase solutions prolongs their vase life Ketsa et al., 1995; Knee, 2000; Pompodakis et al., 2004; Put et al., 1992; Van Doorn et al., 1990 , 1991a . The dictionary definition of an antimicrobial is "active against microorganisms" (Pearsall, 1998) . Among the principle antimicrobial compounds that have been used to extend the vase life of cut flowers are: (i) chlorine and bromine compounds, such as sodium dichloroisocyanuric acid (Na-DICA) Knee, 2000; Van Doorn et al., 1990; Xie et al., 2007) and sodium hypochlorite (NaOCl) (Van Doorn et al., 1990) ; (ii) hydroxyquinoline (HQ) compounds, such as 8-hydroxyquinoline citrate (HQC) (Knee, 2000; Marousky, 1969; Van Doorn et al., 1990 ) and 8-hydroxyquinoline sulphate (HQS) (Hussein, 1994) ; (iii) quaternary ammonium compounds, such as benzalkonium chloride (n-alkyl dimethylbenzyl ammonium chloride) where the alkyl group may vary from C 8 H 17 to C 18 H 37 (Knee, 2000; Van Doorn et al., 1990) ; the proprietary compound Physan-20 (n-alkyl (C 12 and C 14 ) dimethyl ethylbenzyl ammonium chloride) (Doi and Reid, 1995) ; Isocil or Legend MK, where 5-chloro-2-methyl-4-isothiazolin-3-one and 2-methyl-4-isothiazolin-3-one (CMI/MI) are the active ingredients (Ichimura et al., 2006; Knee, 2000) ; Dantogard
(1,3-dimethyl-5,5-dimethylhydantoin) (Knee, 2000) ; 2-hydroxy-3-ionene chloride polymer (HICP) (Ueyama and Ichimura, 1998) ; and cetyl pyridinium chloride (CPC) (Knee, 2000) ; (iv) silver compounds, such as silver nitrate (AgNO 3 ) and, (v) a range of miscellaneous compounds including aluminium sulphate (Al 2 (SO 4 ) 3 ) (Put et al., 1992; Ruting, 1991) ; sodium benzoate (Knee, 2000) ; bromopropanediol (Knee, 2000) ; and, thiabendazole or 2-(4-thiazolyl)-benzimidazole (TBZ) (Apelbaum and Katchansky, 1977; Halevy et al., 1978) . Each of these potential biocides has advantages and disadvantages , and many have other functions beyond being simply antimicrobial. Knee (2000) asserted 212 that there is "limited literature on the comparative effectiveness of different biocides and that there are no established criteria for the selection of a biocide" for a particular cut flower or foliage species.
Van Doorn et al. (1989) conducted experiments in relation to the effectiveness of AgNO 3 , benzalkonium chloride, HQC, and DICA for maintaining hydraulic conductance in rose stems. Further, Van Doorn et al. (1990) compared HQC, benzalkonium chloride, DICA, NaOCl, Al 2 (SO 4 ) 3 , and AgNO 3 with regard to both the inhibition of bacterial multiplication in rose stems and their phytotoxic effects on the foliage. The authors concluded that none of the compounds tested with cut rose 'Sonia' had "a consistent and high antibacterial effect at concentrations which were not phytotoxic". They tested these compounds in water, and did not determine whether inclusion of biocidal compounds in a vase solution formula (e.g. along with sucrose) would improve flower longevity. Knee (2000) performed experiments to determine the effectiveness of different concentrations (0.8, 0.2, and 0.05 g·L −1 ) of Al 2 (SO 4 ) 3 , benzalkonium chloride, bromopropanediol, CPC, Dantogard, DICA, HQC, Isocil, Physan-20, sodium benzoate, and TBZ included in a vase solution formulation of 10 g·L −1 glucose and 2 g·L −1 citric acid (pH adjusted to 3 with KOH) for Rosa hybrida 'Classy', carnation (Dianthus caryophyllus, unknown white cultivar), and Alstroemeria pelegrina 'Sunburst hybrids'. Vase life and gain of the fresh weight of roses were generally higher at 0.05 g·L −1 of biocide than for the other two concentrations. The author concluded that the most effective and safest biocides were HQC, Isocil, and Physan-20. Vase solutions including a suitable biocide can improve flower opening and prolong vase life as compared to water. For rose, solutions were prepared using distilled water, tap water, and synthetic tap water (STW) made up of 0.0202 g·L −1 KNO 3 , 0.246 g·L
MgSO 4 ·7H 2 O, 0.056 g·L −1 CaCl 2 , 0.212 g·L −1 Na 2 CO 3 , and 0.05 mL·L −1 H 2 SO 4 . For Alstroemeria and carnation, solutions were made up only in STW. Principal component analysis of six variables (viz. time to decline in fresh weight, maximum gain in fresh weight, solution uptake from 4 to 6 d, resistance to water flow in stems, respiration, and solution absorbance at 400, 500, and 600 nm) differentiated between effective (benzalkonium chloride, sodium benzoate, CPC, DICA, Isocil, and Physan-20) and ineffective (Al 2 (SO 4 ) 3 , bromopropanediol, Dantogard, and TBZ) biocides. Nonetheless, the individual biocides tested gave somewhat variable responses across the three species tested (Knee, 2000) ; for example, DICA inhibited weight gain in rose 'Classy' and Alstroemeria 'Sunburst hybrids', but not in carnation (unknown white cultivar).
The microflora on stems of cut flowers and foliage and in vase solutions is typically composed of yeasts, filamentous fungi, and bacteria (Van Doorn, 1997) . These microorganisms vary in their response to biocidal agents. For example, mycobacteria are relatively resistant to biocides, and then Gram-negative bacteria, with Gram-positive bacteria being most sensitive (Maillard, 2002) . Moreover, the developmental stage of a microorganism may result in a differential response to a biocidal agent. For instance, fully mature spores of Bacillus subtilis are much less susceptible to biocides than non-sporulating bacteria or vegetative cells (Turner et al., 2000) . The differential response of microorganisms to biocides may be ascribed to variations in morphological structure (e.g. vegetative cell versus mature spore) and chemical composition (e.g. different types of peptidoglycans in bacterial spores) of the individual microorganism (Maillard, 2002; Turner et al., 2000) . To be effective, an antimicrobial treatment must function in all conditions, including across varying vase solution composition (Knee, 2000) , and against the prevalent microorganism, such as a specific bacterial species (Turner et al., 2000) .
This paper examines a range of biocides used in cut flower and foliage postharvest handling, with particular attention to functions other than solely antimicrobial.
Organic biocides

8-Hydroxyquinoline
The effectiveness of HQ as an apparent biocide in cut flower handling solutions has been known for decades (Van Doorn, 1997) . Sulphate (HQS) and citrate (HQC) are the most commonly used HQ compounds in flower handling (Table 1) (Halevy and Mayak, 1981; Loubaud and Van Doorn, 2004; Van Doorn, 1997) ; however, 8-HQS promotes stomatal closure in addition to having biocidal activity (Burge et al., 1996) . Stoddard and Miller (1962) demonstrated that 8-HQS closes stomata and thereby reduces water loss. Detached leaves of chrysanthemum were placed in water or 1 g·L −1 8-HQS for 20 min. Then, the leaves were removed and allowed to wilt. The proportions (%) of stomata open before soaking, after soaking but before wilting, and after wilting were 58, 30, and 10% in the 8-HQS treatment and 64, 88, and 82% in water, respectively. Marousky (1971) eliminated microorganisms by disinfecting stems with 5% sodium hypochlorite and then holding them in aseptic water or 8-HQC (0 and 200 mg·L −1 ) solutions containing 2% sucrose. The results were the same if stems were surface sterilised or not. This result suggested that blockage was not due mainly to occlusion by microorganisms, but rather to other changes that occur in the stem, such as physiological blockage. By disinfecting the stems and holding them in sterile solutions at pH 3 and 6, it was intended to eliminate microorganism activity as a variable as the research was focused on physiological stem blockage. Sterile conditions did not differentially affect the results, and stems held at pH 3 showed higher conductance of water than those held at pH 6 (Marousky, 1971) . HQS and HQC may also promote flower longevity by acidifying the vase solution (Halevy and Mayak, 1981) . Quinoline esters are acidic in solution (Weinberg, 1957) and so 8-HQC may inhibit stem plugging by reducing solution pH. Since physiological plugging is mediated enzymatically (Van Doorn, 1997) , the presence of 8-HQC may influence the activity of enzymes by altering pH (Marousky, 1969 (Marousky, , 1971 . Marousky (1972) considered that while 8-HQ compounds could help prevent microbial occlusion, their ability to reduce vascular blockage can be due to their ability to inactivate enzyme systems through pH adjustment. Marousky (1971) held stems in buffered solutions at pH 4 and 6 with or without inclusion of 8-HQC and found that stems held at pH 4 and 6 with 8-HQC had greater water conduction than stems held at pH 4 and 6 without 8-HQC; therefore, he suggested that 8-HQC per se had an influence on water conduction other than via pH. Another mode of action of quinoline esters in inhibiting vascular blockage in rose stems may be their chelating properties (Weinberg, 1957) . Of seven isomeric mono-HQs, only 8-HQ can chelate metallic ions and is thus the only HQ which is antibacterial. Weinberg (1957) cited Zentmyer (1943) , who noted in the relatively early literature that 8-HQ compounds might be biologically active due to their chelating ability. Zentmyer (1943) 8-HQS has proven efficacy in extending the vase life of many cut flower species when included in vase solutions (Burge et al., 1996; Ichimura et al., 1999) . Cut flowers of chrysanthemum 'Forester' and Calendula officinalis were stood in vase solutions containing 8-HQS at 100, 200, and 400 mg·L −1 (Hussein, 1994) . Chrysanthemum cut flowers held in 100 mg·L −1 8-HQS had a longer vase life (8 days) than those held in other treatment solutions (distilled water control, Septocide pulse for 2, 4, and 6 min, Ampicillin (6-(α-D-phenyl glycylaminol penicillanic acid)) at 100, 150, and 200 mg·L −1 , and AgNO 3 at 10, 20, and 30 mg·L −1 ). For C. officinalis, 8-HQS at 400 mg·L −1 gave a longer vase life than the other treatment solutions mentioned above. Thus, any one biocide may have variable efficacy across different plant species.
Quaternary ammonium compounds
Quaternary ammonium compounds (QACs or quats) are salts of quaternary ammonium cations with an anion (Barney et al., 2006) . More explicitly, they are positively charged polyatomic ions of the structure NR 4 + , with R being alkyl groups. Quaternary ammonium cations are permanently charged, independent of the pH of their solution. The presence of the positive charge of NH 4 + results in an electrostatic interaction between the surfactant and the surface; that is, the presence of the hydrophilic NH 4 + 'head' and the hydrophobic alkyl chain 'tail' allows QACs to act as surfactants (Barney et al., 2006) . A common feature of QACs is their ability to cause cell leakage and membrane damage, primarily through adsorption to bacterial membranes in large amounts (Ioannou et al., 2007) . Chain length plays a critical role in activity against various bacteria. QACs with a C 16 hydrophobic tail length affect the outer membrane of Gram-negative bacteria more extensively than shorter chain QACs (Ioannou et al., 2007) . Physan-20, a commercial mixture of 50% n-alkyl (C 12 -C 18 ) dimethylbenzylammonium chlorides and 50% n-alkyl (C 12 -C 14 ) dimethylethylbenzylammonium chlorides (Van Doorn and Reid, 1992) , 2-hydroxy-3-ionene chloride polymer (HICP) (Ueyama and Ichimura, 1998) , and benzalkonium chloride (Knee, 2000) are QACs proven to extend the vase life of cut flowers and foliage (Table 2) . Benzalkonium chloride at 50, 100, 500, 1000, and 2000 mg·L −1 has been used in vase solutions of cut Rosa hybrida 'Sonia' (Van Doorn et al., 1990) . At higher concentrations of 500, 1000, and 2000 mg·L −1 it reduced bacterial numbers in the stem to 3.4 × 10 6 , 2.0 × 10 5 , and < 2.7 × 10 2 cfu/g FW, respectively, as compared to the water control (3.6 × 10 8 and 2.5 × 10 7 cfu/g FW in repeat experiments); however, the tested treatment concentrations resulted in leaf discolouration to lighter green and also leaf abscission. Because of potential phytotoxicity, Van Doorn et al. (1990) did not recommend the use of benzalkonium chloride in vase solution for roses.
A 5 h pulse treatment with N-cetyl-N,N,N-trimethylammonium bromide (CTAB) at 10 mM delayed the time to wilting of chrysanthemum 'Vyking' to about 7 days as compared to < 2 days in the deionised water control (Van Doorn and Vaslier, 2002) . Although a laccasespecific inhibitor, the authors did not find any evidence for a role of laccase in the delay of leaf wilting.
HICP pulsed at 500 mg·L −1 for 4 h at 23°C has been used to extend the vase life of cut R. hybrida 'Sonia' (Ueyama and Ichimura, 1998) . Stems treated with HICP had higher hydraulic conductance throughout the 7 day experimental period. HICP markedly extended vase life and inhibited the occurrence of a bent neck in cut rose flowers with leaves; however, this potential biocide did not decrease the number of bacteria, which were at 10 7 cfu/g FW in both control and treated stem segments until 7 days after harvest. Ueyama and Ichimura (1998) suggested that HICP allows water to bypass bacteria. Some surfactants, such as Tween 20, have been reported to overcome vascular occlusion of cut flower stems without inhibiting bacterial growth (Van Doorn, 1997) . Water entry into cut stems is facilitated by surfactants by decreasing surface tension (Van Doorn, 1997) . Thus, HICP may act as a surfactant rather than as a biocide. Water loss from the leaves of cut flowers was suppressed by HICP as compared to stems without leaves; therefore, Ueyama and Ichimura (1998) also suggested that HICP may extend vase life by inhibiting transpiration from leaves. The mode of action of HICP requires further research. Ichimura et al. (2006) treated cut rose 'Rote Rose' stems with glucose, fructose or sucrose at 10 g·L −1 in combination with Legend MK (CMI/MI) at 0.25, 0.5, and 1 mL·L −1 . CMI/MI alone at all three concentrations significantly extended vase life (approx. 7, 6, and 7 days, respectively) as compared to the deionised water (DI) control (5 days). Treatments with CMI/MI plus sugars further extended vase life, with glucose being the most effective sugar. It was considered that CMI/MI inhibits vascular occlusion. CMI/MI has been reported as an effective biocidal compound for other cut flowers, including carnation and Alstroemeria (Knee, 2000) .
The longevity of individual florets of cut gypsophila (Gypsophila paniculata) was promoted by the inclusion of Physan-20 in the vase solution (Van Doorn and Reid, 1992) . No clear explanation was given as to the function of Physan-20. Van Doorn and Reid (1992) reported unpublished data which suggested that it had no effect on the number of bacteria in the stems; however, Physan-20 improved solution uptake as compared to DI water controls. This observation suggests that Physan-20 acts by somehow bypassing bacterial-associated blockage and by re-establishing the water column in cavitated xylem vessels. As with most organic biocides, further research is required to determine the mechanism of action of Physan-20 (Jones et al., 1993) .
Inorganic biocides
Chlorine compounds
Many antimicrobially active chlorine (Cl) compounds are commercially available (Block, 1991a) . The sodium salt of dichloroisocyanuric acid (Na-DICA) is a common slow-release (stabilised) swimming pool chlorine compound that is readily available in granular-powder form for use in the flower industry (Jones et al., 1993; Joyce et al., 2000; Xie et al., 2007) . Both DICA and household bleach or sodium hypochlorite (NaOCl) are widely used in experimental flower handling and vase solutions (Table 3) He et al., 2006; Knee, 2000; Van Doorn et al., 1989 , 1990 . Chlorine action involves the oxidation of cellular components in microorganisms, including essential enzymes in cell membranes and protoplasm (Bloomfield and Arthur, 1989; Dychdala, 1983) . Five to 10 mg·L −1 free available chlorine (FAC) helps control bacteria in fresh clean postharvest solutions (Xie et al., 2007) . When chlorine compounds are added to vase water, a portion of the chlorine is consumed by water impurities (chlorine demand), which include inorganic reducing agents, like Fe 2+ , Mn 2+ , NO 2 − , and H 2 S, as well as organic compounds, like amino acids. The chlorine atom ceases to maintain oxidising capacity upon reduction to chloride (Cl − ) and so its disinfectant property is lost or reduced (Dychdala, 1983) . Consequently, chlorine levels in postharvest vase solutions may decrease rapidly with time. High initial concentrations can be used to meet chlorine demand, but may be phytotoxic (Van Doorn et al., 1990) . Joyce and Beal (1999) suggested that if symptoms of phytotoxicity are evident, then 0.5-1.0% (w/v) sucrose plus 25 mg Cl·L −1 may be appropriate to reduce phytotoxic damage as well as to extend vase life.
DICA has been recommended as a vase solution biocide along with other ingredients, such as citric acid (Jones, 1991; Knee, 2000) ; however, concern has been expressed over the combination of chlorine compounds with citric acid . There may be a decrease in the disinfecting efficiency of chlorine with the decrease in pH (Dychdala, 1983) ; moreover, chlorine compounds can corrode metal containers. The low chlorine concentrations used by researchers in experiments (e.g. 10 mg·L −1 ) (Ligawa et al., 1997) can be inappropriate for use by industry in handling solutions and consumers in vase solutions, where higher concentrations are required (e.g. 50 mg·L −1 ) (Jones, 1991) . Xie et al. (2007) demonstrated chlorine demand at various chlorine concentrations for a range of water sources, solution ingredients, plant species, and stem numbers per unit volume of vase solution. FAC decreased more rapidly with an increasing number of stems in the vase, and smooth stems (waxy cuticle) had lower chlorine demand than rough stems (bark or trichomes). It was also shown that FAC decreased rapidly in low pH citric acid vase solution as compared to in DI water. Inclusion of sucrose 2% (w/v) in vase solution also reduced FAC levels, albeit at a slower rate. Xie et al. (2007) concluded that chlorine reacts with citric acid which should not be used to acidify chlorine-based vase solutions.
Dichlorophen and chlorhexidine are chlorinated hydrocarbon biocides that have been used in vase solutions (Halevy and Mayak, 1981; Van Meeteren, 1978) . A minimum concentration of 55 mg·L −1 dichlorophen resulted in 100% inhibition of bacterial growth, but was harmful to gerbera stems (Van Meeteren, 1978) . The biocidal effect of the cationic agent chlorohexidine is that it causes leakage of intracellular components (Maillard, 2002) . At high concentrations, it results in cytosol coagulation. The hydrophobicity of Gramnegative bacteria was decreased when exposed to chlorohexidine as it damaged the cell wall and outer membrane. Reduced hydrophobicity promoted uptake of the biocidal compound to reach target site/s on cell membranes and within the cytoplasm (Maillard, 2002) .
Metal ions 2.2.1 Silver
In the context of antimicrobial properties, silver is typically applied as the nitrate salt ( act as an antimicrobial agent (Van Doorn et al., 1990) , as an inhibitor of aquaporins in plants (Niemietz and Tyerman, 2002) , and/or as an ethylene-binding inhibitor during ethylene synthesis and action (Beyer, 1976; Serek et al., 2006; Veen, 1979 Veen, , 1983 . Pre-treatment with AgNO 3 as a pulse at 170 mg·L −1 for 30 min was highly effective against bacterial growth in basal stem segments of 'Sonia' roses (Van Doorn et al., 1990) . Numbers of bacteria in the basal 5 cm were < 10 2 cfu/g FW in one experiment, but 1.9 × 10 6 cfu/g FW in a repeat experiment. It was not clear why the effectiveness of AgNO 3 as a biocidal agent was highly variable. Van Doorn et al. (1990) noted that AgNO 3 cannot be used in water containing chlorine due to immediate precipitation of AgCl. Moreover, even in DI and distilled water, AgNO 3 will slowly undergo photochemical oxidation leading to a black Ag 2 O deposit. The effect of AgNO 3 in combination with other vase solution ingredients on the vase life and bud opening of cut flowers of Dendrobium 'Pompadour' was investigated by Ketsa et al. (1995 . Research into the mechanism of inhibitory action of Ag + on microorganisms revealed that the expression of cellular proteins and enzymes essential for ATP production was inactivated upon treatment (Yamanaka et al., 2005) ; also, DNA loses its replication ability. In contrast, HQS probably acts principally by its chelating ability with metal ions, and thereby disruption of bacterial cell enzyme function (Weinberg, 1957) .
Provision of 0.5 μM AgNO 3 in the vase solution of cut 'Red France' rose for 24 h reduced hydraulic conductivity during vase life as compared to 20 μM forskolin, an activator of aquaporin function and water flux control (Maggio and Pascale, 2007) . Silver has been identified using the peribacteroid membrane of soybean nodules, plasmamembrane from roots and also human red blood cells as a potent inhibitor of aquaporins (Niemietz and Tyerman, 2002) ; this inhibition is rapid and is not reversible.
Silver thiosulphate (STS) is used widely in the flower industry as a dip, spray or pulse (Table 4) (Altman and Solomos, 1995; Joyce, 1993; Joyce and Beal, 1999; Slater et al., 2001; Van Doorn and Cruz, 2000; Veen, 1979) . The ability of STS to inhibit the action of ethylene is utilised to prolong the vase life of carnations and other floricultural products (Cameron and Reid, 1983; Joyce, 1992; Mor et al., 1984; Premawardena et al., 2000; Yapa et al., 2000) . STS supplied to flowers in solution moves up the stem. Application of Ag + as STS to the flowers substantially reduced binding activity by substitution for Cu 2+ (Beyer, 1976) . Cu 2+ is involved in enzymatic reactions related to biosynthesis and the action of ethylene (Himelblau and Amasino, 2000) . The use of STS on cut flowers is of concern with regard to the disposal of waste silver treatment solutions (Macnish et al., 2004) . Van Doorn et al. (1991b) found that STS (656, 1312, and 2624 mg·L −1 for 4 h) did not reduce the number of bacteria in petioles of Adiantum raddianum fronds. In contrast, AgNO 3 (12.5 and 25.0 mg·L −1 ) reduced the number of bacteria in the petiole to zero when included in the vase solution.
Pure colloidal silver nano particles (nano-Ag or NS) are potent and broad spectrum antimicrobial agents (Lok et al., 2006) . Effects of NS as a dip or spray pre-treatment on the subsequent vase life and physiology of cut Lilium Oriental hybrid 'Siberia' and Lilium Asiatic hybrid 'Dream Land' were investigated by Kim et al. (2005) . The vase life of Lilium 'Siberia' florets was extended with a treatment comprised of 0.1% NS plus natural chitosan. While ethylene production continuously decreased and climacteric-type respiration increased on the fifth day, these processes were not differentially affected by the various treatments. NS has also been tested as a pulse solution (5 and 10 mg·L −1 ; 24 h) by S. He and J. Liu (personal communication). Significant vase life extension was found for several cut flower species, including gerbera. He and Liu also found NS activity against bacteria in vase solutions. The mechanism of antibacterial action of NS is yet to be fully elucidated (Pal et al., 2007) ; however, interaction between the particles and bacterial membranes may cause damaging structural changes leading to cell death (Sondi and Salopek-Sondi, 2004 ).
Aluminium
Al 2 (SO 4 ) 3 (alum) treatments have been recommended for prolonging the vase life of various cut flowers (Table 5) (Halevy and Mayak, 1981; Ichimura et al., 2006; Put et al., 1992) . As cited by Put et al. (1992) , Schnabl and Ziegler (1975) showed that in addition to antimicrobial activity, Al 2 (SO 4 ) 3 may improve the water relation of cut flowers due to Al 3+ inhibiting transpiration from leaves. The authors used epidermal strips of Vicia faba incubated in water containing different Al 3+ concentrations (20-200 μM) added as Al 2 (SO 4 ) 3 . The effect of Al 3+ on stomatal closure, as observed by scanning electron microscopy, was associated with increased levels of starch within the guard cell, which may have limited malic acid levels.
Liao et al. (2001) included Al 2 (SO 4 ) 3 at 0, 50, 100, FW) than from water controls (6.4 g·g −1 FW) indicating that Al 2 (SO 4 ) 3 was involved in reducing transpiration. Although Al 2 (SO 4 ) 3 is used as a biocide in vase solutions, Al 2 (SO 4 ) 3 at 350 and 500 mg·L −1 concentrations has only weak antimicrobial activity (Put et al., 1992; Van Doorn et al., 1990) . Moreover, Van Doorn et al. (1990) observed that as low as 350 mg·L tended to extend the vase life of cut stems of rose 'Rote Rose' up to 14 days as compared to the distilled water control vase life of approx. 5 days (Ichimura et al., 2006) . Put et al. (2001) proposed that Al 2 (SO 4 ) 3 .18H 2 O (500 mg·L −1 ) at pH 4.5 in either micropore-filtered tap water or micropore-filtered DI water for 'Kardinal' and 'Sonia' roses acts by co-precipitating bacterial cells (Bacillus subtilise) with Al 2 (OH) n . Insoluble compounds may form upon the interaction of Al 3+ with negative organic and inorganic ions associated with bacterial cell wall peptides and negatively charged vascular material. X-ray microanalysis revealed that such precipitate accumulates at the cut stem end and may act as a filter without restricting water uptake. Overall, the positive effect of Al 2 (SO 4 ) 3 may not be generally attributable to antimicrobial action. As with other alleged biocidal compounds, further study is needed to clarify the mode of action of alum in prolonging the vase life of cut roses.
Copper
Copper ions have been used in flower vase solutions as a biocide (Table 6) (Halevy and Mayak, 1981; Van Doorn, 1997) as well in cut flower research as a wound reaction enzyme inhibitor (Vaslier and Van Doorn, 2003) . CuSO 4 had a pronounced positive effect on the time to wilting in dry-stored Bouvardia 'Van Zijverden' (Vaslier and Van Doorn, 2003) . The authors investigated a 0.1 mM CuSO 4 pulse at 20°C for 5 h as peroxidase inhibitor (Kim et al., 1996) treatment. This treatment markedly delayed leaf wilting from 3 days for the water control up to 16 days. While a non-specific inhibitor of peroxidase, Cu 2+ also inhibits other enzymes, such as phenylalanine ammonium lyase (PAL) (Kim et al., 1996) . PAL is also involved in cut stem wound reactions. Based on the hypothesis that CuSO 4 can inhibit enzymes related to physiological stem occlusion and also inhibits bacterial growth, Loubaud and Van Doorn (2004) tested its effect on rose 'Red One', Astilbe × arendsii 'Glut' and 'Erica', and Viburnum opulus 'Roseum' as both a pulse treatment (2 and 10 mM) and in the vase solution (0.25, 0.50, and 1.0 mM). As noted by the authors, 2 mM CuSO 4 pulse treatment delayed the time to wilting in the three species tested. In contrast, 10 mM pulse treatment had only a small positive effect. CuSO 4 vase solution treatments of 0.25 and 0.50 mM for flowers that had not been stored dry also delayed wilting. At 1 mM, CuSO 4 in the vase solution was toxic to flowers in all treatments tested. The bacterial count after 3 days of vase life in vase water containing rose 'Red One' was lower with 0.25 mM CuSO 4 as compared with the water control (2.7 × 10 5 and 1.8 × 10 8 cfu/L, respectively). Therefore, Cu 2+ at 0.25 mM delayed wilting and inhibited the growth of bacteria in the vase solution in addition to any effects on physiological stem plugging. It was observed that Cu 2+ inhibited enzymes involved in plantinduced occlusion in chrysanthemum (Van Doorn and Vaslier, 2002) and Bouvardia (Vaslier and Van Doorn, 2003) . Loubaud and Van Doorn (2004) suggested a similar effect of CuSO 4 with Astilbe.
The utility of DI water as a control vase solution treatment versus tap water and the effects of tap water components on cut flower water balance were investigated for chrysanthemum 'Cassa' by Van Meeteren et al. (1999) . The fresh weight of cut flowers decreased after 1-3 days when DI water was used, but this decrease was absent in tap water in the experiment terminated at 4 days. After 4 days in DI water, hydraulic resistance at the stem base was approx. 50 times greater than the value for fresh cut flowers and seven times the value for those held in tap water. The authors observed that tap water may vary in mineral composition and contain Cu 2+ . In allied experimentation, Cu 2+ (> 0.30 mg·L −1 ) reduced bacterial growth in cut open vessels, thereby leading to an increased relative fresh weight. Van Meeteren et al. (1999) suggested that an artificial tap water solution containing low concentrations of CuSO 4 (50 μM), CaCl 2 (0.7 mM), and NaHCO 3 (1.5 mM) is appropriate as a standardised vase solution.
Cobalt
Cut fronds of Adiantum raddianum placed in water wilted within 4 days due to vascular blockage at the basal end of the petiole . This wilting was delayed, and vase life was increased to 8 days as compared to 3 days in the DI water control, by Co 2+ at 1 mM and supplied as Co(NO 3 ) 2 ; however, this treatment caused brown discoloration of the pinnae veins. After cutting, the basal end of the frond petiole produces ethylene . Co 2+ is a known inhibitor of ethylene synthesis (Lau and Yang, 1976) ; therefore, it was suggested that the positive effect of Co(NO 3 ) 2 was related to a wound reaction mediated by ethylene. However, Co 2+ as Co(NO 3 ) 2 is also known to have antibacterial properties (Dey et al., 1981) . Further experiments carried out with Adiantum raddianum fronds by Van Doorn et al. (1991a) established that ethylene did not trigger vascular blockage in cut fronds. They found a positive correlation for wilting with high bacterial counts within petioles, which suggested that blockage was primarily due to bacteria. For example, when the number of bacteria in petioles was 0 cfu in the basal 5 cm, the fronds took 7 days to wilt, whereas when the bacterial count was 1-7 × 10 7 cfu in the basal 5 cm, the fronds wilted within 4 days. Co
2+
has been shown to significantly reduce transpiration in the leaves of beans, tomato and melons (Reddy, 1988) . In cut R. hybrida 'Samantha' roses placed in Co 2+ solutions at 0.5, 1.0, 1.5, and 2.0 mM, there was an increase in leaf diffusive resistance along with inhibition of xylem blockage and maintenance of water flow and uptake. Reddy (1988) suggested that partial closure of stomata by Co 2+ was responsible for reducing the water loss/water uptake ratio, and thereby maintained a high water potential in cut roses. The inhibition of xylem occlusion was evident as the maintenance of higher water flow through the isolated rose stem segments until termination of the experiment. Reddy (1988) further noted that Co 2+ is fungitoxic and suggested, as above, that Co 2+ control of microbial growth also inhibits vascular occlusion. Also as noted above, Co 2+ is a known inhibitor of ethylene synthesis (Lau and Yang, 1976; Serek et al., 2006) . It is suggested that Co 2+ inhibition lies at the conversion of methionine to ethylene. Thus, Co 2+ may exert truly multifunctional effects in delaying the senescence of cut roses by acting as an ethylene synthesis inhibitor, by maintaining water uptake, and by reducing water loss (Table 7) .
Nickel
Ni 2+ is known to be antimicrobial and to act also as an ethylene inhibitor (Lau and Yang, 1976) . Inclusion of NiCl 2 at 0.5 mM in the vase solution helped prolong the vase life of Gladiolus hortensis 'Friendship' flowers from 7 days for a distilled water control to 10 days (Table 8) (Murali and Reddy, 1993) . The vase solution including Ni 2+ also improved the diameter of the florets as compared to the distilled water control; viz. 13.0 cm versus 8.4 cm. Similarly, Ni 2+ at 300 mg·L −1 helped extend the vase life of R. hybrida 'Raktagandha' to 14 days from 7 days for the distilled water control (Bhattacharjee, 1999) . NiCl 2 was added to vase solutions along with 3% D-fructose and 2.5 mg·L −1 kinetin; however, it was not clear to what extent the effect was due to the presence of Ni 2+ , which may have acted as an antimicrobial agent and/or as an ethylene inhibitor in this experiment. ' Reddy, 1988 Extended vase life to 8, 10, 11, and 10 days, respectively compared to 6 days in DI. As Co 2+ conc. in vase solution increased, LDR also increased. At day 1, no significant difference in stomatal opening between the DI control and Co 2+ treatments. By day 3, the stomatal opening of treated leaves was about 50% that of control leaves. On day 9, the flow rate was 10 mL·h −1 , which was 9 times more than the control. Co 2+ treatments significantly increased water uptake and water loss by cut flowers over the control. Although loss of water was higher in Co
2+
-treated stems, the water loss uptake ratio was significantly lower in all Co 2+ treatments than with DI. At 185 and 290 mg·L −1 , reduced the number of bacteria (approx. 0 cfu/ L) in the petioles and delayed the leaf wilting (7 and 6 days, respectively) compared to DI control (3-8 × 10 7 cfu/L and 4.3 days, respectively).
Other biocides
Thiabendazole
Thiabendazole (TBZ) is a broad-spectrum fungicide used either alone or together with a bactericide, such as AgNO 3 and HQ (Table 9) (Apelbaum and Katchansky, 1977; Halevy and Mayak, 1981; Halevy et al., 1978) . Thomas (1974) observed cytokinin-like activity apart from TBZ's fungicidal effect. Apelbaum and Katchansky (1978) , cited by Halevy and Mayak (1981) , stated that TBZ retarded ethylene evolution and reduced the sensitivity of cut carnations to ethylene. Apelbaum and Katchansky (1977) observed a marked improvement in quality and also extended storage life of bud carnations 'White Sim' and 'Red Sim', minicarnation 'Cerise Royalette', gladioli 'Eurovision', and gypsophila 'Bristol Fairy' cut flower stems stood in a solution containing TBZ at 300 mg·L −1 for 24 and 72 h as compared to the tap water control. Flowers treated with TBZ wilted later and were consistently larger, heavier and had greater decorative value than those treated with 8-hydroxyquinoline glycolate (8-HQ glycolate) at 300 mg·L −1 . Flower longevity of the bud cut carnation 'Red Sim' treated with TBZ and 8-HQ glycolate were 12 days and 9 days, respectively, as compared to 0 days in the tap water control. Flowers held in the tap water control did not reach full opening and had limited decorative value. Apelbaum and Katchansky (1977) suggested the need for further studies to explore the mode of action of TBZ in flower senescence.
S-Carvone
S-Carvone is a monoterpene found in caraway (Carum carvi L.) seed essential oil (de Carvalho et al., 2006) . When applied exogenously to plant tissues, it can either prevent or reduce the rate of synthesis of wound-healing compounds, such as suberin (Oosterhaven et al., 1995) ; however, S-carvone also showed antibacterial and antifungal activity (De Carvalho et al., 2006; Oosterhaven et al., 1995) . Oosterhaven et al. (1995) reported that Scarvone at > 1 mM reduced the growth rate of Escherichia coli, Streptococcus thermophilus, and Lactobacillus lactis bacteria under aerobic, anaerobic (fermentative in the presence of an exogenous electron acceptor), and fermentative conditions. Provision of Scarvone in vase water (0.318 and 0.636 mM) extended the vase life (Table 9 ) of cut stems of Hakea francisiana and cut Grevillea 'Crimson Yul-lo' inflorescences . He et al. (2006) found that S-carvone delayed the decline in hydraulic conductance of basal 2 cm long stem end segments. The treatments concomitantly delayed decreases in the vase solution uptake rate and relative fresh weight of cut flowering Grevillea stems. The authors argued that Scarvone's role was as an inhibitor of the wound response rather than as a biocide. Williamson et al. (2002) reported earlier that cut flowering stems of H. francisiana kept in S-carvone solution had longer vase lives than cut stems kept in trichloroacetate (an inhibitor of fatty acid chain elongation of suberin and consequent disrupter of suberin ultrastructure) and S-ethyl-N, N-dipropylthiocarbamate (an inhibitor of chain length extension of fatty acids in suberin) and also in the DI water control.
Antibiotics
Various antibiotic compounds have been tested in vase solutions, such as penicillin, streptomycin, and ampicillin (Table 9) (Al-Humaid, 2005; Hussein, 1994) . Hussein (1994) gave the greatest maximum fresh weight of chrysanthemum as compared to all other treatment solutions. Although septocide and ampicillin antibiotics were effective in suppressing bacterial growth, they did not improve the vase life of cut flowers to the degree that HQS did. Al-Humaid (2005) determined that the vase life of cut gladiolus 'Rose Supreme' and 'Nova Lux' was extended with glucose (5, 10, and 20%) and a mixture of penicillin and streptomycin (200 and 250 mg·L −1 , respectively) added to the vase solution. Vase solutions containing the antibiotics were free of bacteria. The authors observed that the biocides improved the total number of opened flowers as compared to the water control. Murali and Reddy, 1993 Extended the vase life from 7 days in distilled water to 10 days. Also, increased diameter of florets compared to distilled water (13.0 cm versus 8.4 cm). Number of fully opened florets was higher in Ni treatment (17) compared to in control (9). With 100 mg·L 
Sodium benzoate
Sodium benzoate was an effective biocide in delaying the decline in the fresh weight of cut roses (Knee, 2000) . It has also been tested with or without sucrose for the time to bract browning of Curcuma alismatifolia 'Chiang Mai Pink' (Bunya-atichart et al., 2004) . This compound was investigated as a potential antioxidant, but did not have a reductive effect on bract browning. Faragher et al. (2002) stated that biocides and other hazardous substances, including heavy metal compounds (e.g. Ag + ), should not be disposed of into the general environment. Such chemicals need to be managed by an accredited/licensed waste contractor or through a chemical industry disposal program. Moreover, care needs to be taken to avoid unnecessary human contact with more benign chemicals such as chlorine germicides, citric acid, wetting agents/detergents, and sugar solutions.
Safety
8-HQ can cause mutagenesis in Salmonella typhimurium and can also induce chromatid aberrations in human leukocytes (Epler et al., 1977) . TBZ is known to inhibit the assembly of both mammalian and nonmammalian microtubules in vitro as well as to induce aneuploidy in hamster male embryonic lung cell lines (Antoccia et al., 1991) . Consequently, it may be questionable as to whether HQs and TBZ should be used in commercial flower handling and vase solutions.
Poor water relations in cut flowers and foliage often result from increased stem resistance to water flow arising from physiological, physical and/or microbial restrictions. Thus, not surprisingly, suppression of microorganisms with biocides has been shown to be beneficial to the longevity of many different cut flower and foliage lines. This overview article has highlighted how vase solution biocides can have diverse positive modes of action other than being purely biocidal (Fig. 1) . Variables dictating their efficacy include the morphology and physiology of the microorganism, the physicochemical properties of the biocide and other vase solution ingredients, and the inherent characteristics of particular cut flower and foliage species. Ideally, future research should aim to delineate among the potential multifunctional roles of specific biocides. In due course, such directed research may lead to accepted standards and/or selection criteria for vase solution biocides. a Ueyama and Ichimura (1998) ; b Schnabl and Ziegler (1975) ;
c Vaslier and Van Doorn (2003) , Kim et al. (1996) and Loubaud and Van Doorn (2004) ; d Beyer (1976) and Serek et al. (2006); and, e Marousky (1969) and Marousky (1971) .
